I. INTRODUCTION
Dielectric breakdown of SiO 2 films continues to be a technologically important issue concerning the operation of metal-oxide-semiconductor ͑MOS͒ devices. As individual devices are scaled down, the gate-oxide thickness of MOS devices will reach the nanometer level. 1 When such ultrathin oxide films are used, quasibreakdown, as well as complete breakdown, has been observed after electrical stressing. 2 These types of phenomena have been extensively studied through the degradation characteristics of MOS capacitors, which provide spatially averaged information on the breakdown processes. In the case of complete breakdown, microscopic analysis by cross-sectional transmission electron microscope proved leakage sites to be physically damaged regions in the oxide films; these regions were composed of crystallized silicon that resulted from local Joule heating. 3 On the other hand, the most likely quasibreakdown mechanism, as deduced from the characterization of MOS device degradation, has been reported to be trap-assisted tunneling in ultrathin oxide films. 2 In this process, hot-electron or hothole injection during electrical stressing is thought to create trap levels in the oxide. 4 However, due to technological difficulties, there have been few reports on the microscopic characterization of the quasibreakdown, such as on the identification of individual leakage sites or its local electrical properties.
Recently, scanning probe techniques have been utilized to study SiO 2 films. The surface morphology of oxide films has been observed by using atomic force microscopy ͑AFM͒, [5] [6] [7] and a conductive cantilever has been used for electrical analysis. 8 Several groups have used ballistic electron emission microscopy to investigate the electronic transport properties of thin oxide films. 9, 10 However, these techniques have not been used to study the details of the degradation process and the characteristics of individual leakage sites in oxide films. Up until now, scanning tunneling microscopy ͑STM͒ has been mainly used for surface analysis, for example, to study the initial oxidation of Si substrates. [11] [12] [13] We have also demonstrated that topological information concerning ultrathin SiO 2 films can be obtained through STM images.
14,15 Moreover, we have recently shown that STM can reveal local electrical properties of the oxide films related to oxide degradation. 16 In this article, we describe the use of STM and scanning tunneling spectroscopy ͑STS͒ techniques for local characterization of the quasibreakdown of ultrathin SiO 2 films. We have observed individual leakage sites created by electrical stressing, 16 and have used STS to characterize the local electrical properties at the quasibreakdown spot. We also investigated the stressing polarity and surface structure dependence of the defect creation through STM images.
II. EXPERIMENT
Experiments were carried out using an ultrahigh vacuum ͑UHV͒ surface analysis system that performs STM and x-ray photoelectron spectroscopy ͑XPS͒. 17 The vacuum system, except for the STM chamber, was evacuated by turbomolecular pumps, which enabled us to introduce oxygen gas into the oxidation chamber to the 10 Ϫ4 Torr order. All STM images were obtained using a Pt-Ir tip at room temperature. The XPS was performed with Mg K␣ excitation and a 60°t ake-off angle with respect to the normal to the surface. We used 11ϫ2.5 mm 2 specimens cut from Czochralski-grown n-type Si͑111͒ and ͑001͒ wafers. The samples were cleaned by flash heating with a direct current under UHV conditions ͑1100°C for 10 s͒. Typical Si(111)-7ϫ7 and (001)-2ϫ1 surfaces were identified after the cleaning procedure. We oxidized the sample surfaces by introducing molecular oxygen into the UHV chamber that was connected to the UHV-STM chamber and to the XPS chamber. In this study, we used 1-nm-thick ultrathin SiO 2 films that were grown at a 740°C substrate temperature and a 1ϫ10 Ϫ4 Torr oxygen gas pressure. The oxide thickness was estimated from the Si 2 p core-level spectra. 18 The oxide sample was transferred to the STM chamber without exposure to the air.
As we previously reported, STM reveals both the surface morphology and the interfacial structure of ultrathin SiO 2 films, depending on the sample bias. 15 When we apply a low sample bias of less than ϩ4 V, the STM tip is made to approach the oxide surface to ensure electron tunneling between the metal tip and the Si substrate through the ultrathin oxide. In this case, STM shows the interfacial structures. Under a higher sample bias of over ϩ4 V, electron tunneling from the tip to the conduction band of the oxide film is allowed, so we can observe the surface morphology of the oxide. In this study, all STM images were taken at a ϩ5 V sample bias with a constant 0.5 nA tunneling current. The tunneling spectra ͓current-voltage (I -V) curves͔ were acquired with a fixed tip-sample distance that ensured a constant 0.5 nA current at a ϩ5 V sample bias, and the sample bias was scanned from Ϫ6 to ϩ6 V.
III. RESULTS AND DISCUSSION
A. STM and STS studies of ultrathin SiO 2 films Figure 1 shows a STM image of a 1-nm-thick SiO 2 film grown on a Si͑111͒ substrate. We can see a step structure, which originates from the initial Si substrate. Observation of this step means that layer-by-layer oxidation preserves the initial surface morphology of the Si͑111͒ substrate, [18] [19] [20] [21] and ensures atomic-scale uniformity of the ultrathin oxide films. We also confirmed that STM observation under these conditions caused no changes in the oxide film.
We utilized the STS technique to characterize the electrical properties of the ultrathin SiO 2 film. Figure 2͑a͒ shows tunneling spectra ͑I -V curves͒ obtained from the 1-nm-thick SiO 2 film. To avoid oxide degradation caused by any excess tunneling current during the STS measurements, the spectra were taken within the bias range from Ϫ6 to ϩ6 V. In these spectra, we could detect a tunneling current in the high bias region ͑from Ϫ6 to Ϫ4 V and from ϩ3 to ϩ6 V͒, where the tunneling current showed a log-linear feature. As we previously reported, 15 since STM images obtained under these conditions reveal surface structures on the ultrathin oxide, we can conclude that the current corresponds to electron tunneling between the STM tip and the conduction band or the valence band of the ultrathin SiO 2 film through the vacuum gap as illustrated in Fig. 2͑b͒ . Thus, we can roughly evaluate the oxide band gap from Fig. 2͑a͒ . The detected band gap is narrower than that of the bulk SiO 2 , which could be attributed to the change in the oxide band gap near the SiO 2 /Si interface or to the high electric field applied to the oxide layer. However, a detailed explanation requires further investigation. Still, we can conclude that STM and STS can reveal local insulating features and the surface morphology of ultrathin SiO 2 films.
B. Observation of quasibreakdown spots using STM
Next, we investigated local electrical degradation in ultrathin SiO 2 films by using STM. 16 Instead of applying the conventional stressing method to MOS capacitors, 2 we degraded ultrathin SiO 2 films through hot-electron injection from the STM tip into the oxide films. The tip was scanned over a 100ϫ100 mm 2 area at a ϩ10 V sample bias and with a constant current of 6 nA, enabling hot electrons to be injected from the STM tip to the oxide by Fowler-Nordheim tunneling. Under these conditions, the tip-sample distance was increased compared with that during surface observation at a ϩ5 V sample bias. Assuming the tip-sample distance ranged from 1 to 2 nm, the electric field applied to the oxide layer would correspond to the order of 10 MV/cm. In addition, since we scanned the STM tip under a constant tunneling current of 6 nA, the Joule heating was unlikely to cause a complete breakdown of the oxide. Figure 3͑a͒ shows a STM image obtained with a ϩ5 V sample bias after the degradation procedure where a 3.6 C total electron dose ͑3.6ϫ10 4 C/cm 2 charge density͒ was applied. The tip scan with the high sample bias obviously modified the ultrathin oxide as indicated within the dotted line in Fig. 3͑a͒. Figures 3͑b͒ and 3͑c͒ are magnified STM images of the oxide surface before and after electrical stressing. After the stressing ͓Fig. 3͑c͔͒, many bright spots were created and the surface corrugation increased compared with the initial oxide surface ͓Fig. 3͑b͔͒. Figure 4 shows cross sections taken from the STM images. Lines ͑a͒ and ͑b͒ in Fig. 4 show cross sections along the A-AЈ line in Fig. 3͑a͒ and B-BЈ line in Fig. 3͑c͒ , respectively. These results show that the bright spots in Fig. 3͑c͒ corresponded to a height of about 1.2 nm ͓Fig. 4͑b͔͒, and that the corrugation of the initial oxide surface was less than 0.35 nm high ͓Fig. 4͑a͔͒.
Since recent AFM studies have found that the root mean square ͑rms͒ roughness of ultrathin SiO 2 films grown on Si͑111͒ substrates is less than about 0.03 nm, 6,7 the corrugation observed in our STM images from the initial oxide surface ͑rms: 0.14 nm͒ and from the hot-electron injected area ͑rms: 0.35 nm͒ cannot be explained simply by the change in the surface morphology. 16 These AFM and our STM results indicate that we should consider the possible electrical contribution to the STM images; that is, the local change in the electrical properties at the quasibreakdown spots as illustrated in Fig. 5 . While the direct tunneling to the conduction band of the oxide film ͓current component ͑A͒ in Fig. 5͑a͔͒ indicates the surface morphology, the current component ͑B͒ corresponds to the leakage current through the oxide layer.
When hot-electron injection creates new electron traps near intrinsic defects and an electric field is then applied to the ultrathin oxide film during STM observation at a ϩ5 V sample bias, a trap-assisted tunneling current must flow through the oxide film as illustrated in Fig. 5͑a͒ . Therefore, the STM tip was retracted at the quasibreakdown spots to maintain a constant current ͓see Fig. 5͑b͔͒ . In addition, considering both the uniformity of the spot size in the image and the actual radius of the STM tip, we can conclude that each bright spot corresponds to an individual quasibreakdown spot at the atomic level. In our experiment, electrical stressing with a high charge density (3.6ϫ10 4 C/cm 2 ) created about 300 leakage sites in the scanned area, which corresponds to a charge-to-breakdown of about 100 C/cm 2 for each quasibreakdown spot.
Moreover, we could see many faint contrast spots on the initial oxide surface ͓Fig. 3͑b͔͒, and, as mentioned above, the rms roughness of the initial surface was much higher than that estimated from the AFM images. 6, 7 We also confirmed that the quasibreakdown spots were always created at the faint contrast spots after the electrical stressing. These results suggest that intrinsic defects in oxide films can also be identified from a slight change in the surface conductance, and that intrinsic defects can be prospective quasibreakdown spots. The area density of the intrinsic defects observed by   FIG. 3 . STM images before and after electrical stressing. The stressing was carried out with a ϩ10 V sample bias and a 6 nA tunneling current. ͑a͒ A 350ϫ350 nm 2 STM image. The area scanned with the high sample bias for stressing is indicated by the dotted line. ͑b͒ and ͑c͒ High-resolution images before and after the stressing, respectively. STM was found to be of the same order as that in previous reports (ϳ10 13 cm 2 ).
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C. Characterization of individual current leakage sites by using STS
We next characterized the electrical properties of individual leakage sites by using STS. Figure 6 shows tunneling spectra ͑I -V curves͒ obtained after electrical stressing of a 1-nm-thick SiO 2 film grown on a Si͑111͒ substrate. Spectrum ͑a͒ was obtained from the dark area between the bright leakage sites, and was similar to that obtained from the initial oxide surface before electrical stressing ͓see Fig. 2͑a͔͒ . This indicates that the dark areas between the quasibreakdown spots show an insulating feature like that before electrical stressing. Figure 6͑b͒ is a typical spectrum obtained from the quasibreakdown spot, where the tip-sample distance was 1.2 nm longer than at other points on the oxide surface to maintain a 0.5 nA tunneling current at a ϩ5 V sample bias ͑see the upper illustration in Fig. 6͒ . Despite the increased tipsample distance, the tunneling current was clearly detected from the lower bias region of spectrum ͑b͒. This indicates a drastic change in the insulating feature at the quasibreakdown spot. Therefore, the tunneling current from these spots cannot originate from the conduction or valence bands of the oxide, but must originate from the leakage current that passes through defects in the oxide film ͓see Figs. 5͑a͒ and 5͑b͔͒.
While most of the tunneling spectra taken after electrical stressing were similar to those shown in Fig. 6 , we observed several spectra ͑less than 10% of the STS data͒ that showed a clear negative differential resistance ͑NDR͒ ͑Fig. 7͒. This corresponds to a conductance change at the leakage sites during the STS measurements. Figure 7͑a͒ shows a STM image of the degraded area, where leakage sites were densely formed by hot-electron injection. Spectra ͑A͒ and ͑B͒ in Fig.  7͑b͒ were, respectively, taken from the bright leakage site indicated by arrow ͑A͒ and from the gray leakage site indicated by arrow ͑B͒ in Fig. 7͑a͒ . We also found that NDR characteristics were reproducibly obtained from the same sites. Note that spectra ͑A͒ and ͑B͒ have a different number of NDR peaks and different bias positions.
Based on previous reports, we should consider several possible mechanisms to explain this NDR observed around the quasibreakdown spots. As reported by Sakakibara et al., 22 one possible explanation is energy level matching between the Fermi level of the gate material in MOS devices and the defect level in the oxide layer, such as dangling bond states positioned at the midgap of the oxide. 23 However, in our STM experiments, the electrons were not emitted from a semiconductor gate having a band gap, but from the metal STM tip ͓Fig. 8͑a͔͒. Thus, energy level matching can be easily ruled out as an explanation of the NDR. Another possible explanation is the Coulomb blockade phenomenon. 24 In this case, the chain of defect levels could act as nanometerscale tunnel junctions. However, if the Coulomb blockade effect explains the NDR shown in Fig. 7 , we should have observed the NDR at every quasibreakdown spot. Therefore, we believe the most likely origin for the NDR peaks is a conductance change in the leakage path due to electron traps at the isolated defects positioned near the current path ͓see Fig. 8͑b͔͒ . When electrons injected from the STM tip with a typical tip radius of over a few tens of nanometers happen to be trapped at the isolated defects during STS measurements, the electric field applied to the oxide is insufficient for electron tunneling through a single isolated defect due to the increased tip-sample distance at the leakage site as discussed above. As a result, the conductance of the leakage path is changed by the electron capture at the isolated defects. Similar phenomena have been reported for the singleelectron memory, which utilized an accidentally formed current path and storage node in the poly-Si thin film, 25 and for the random telegraph signals observed for MOS transistors. 26 In this explanation, NDR characteristics, such as the peak number and the bias position, ought to be affected by the relative position between the leakage path and the isolated defect and by the number of the isolated defects. This also means that, when the leakage path and the isolated defects are far enough separated, we cannot observe NDR features in the tunneling spectra.
D. Dependence of leakage site creation on the stressing polarity, the substrate orientation, and the surface morphology Finally, we used STM to study the quasibreakdown characteristics of ultrathin SiO 2 films. The stressing polarity dependence was investigated by reversing the sample bias during electrical stressing. 16 The initial SiO 2 sample and the scanned area were the same as in the former experiments, and the electrical stressing was done with a Ϫ10 V sample and a 3 nA tunneling current. Under these conditions, the STM tip was irradiated with hot electrons emitted from the oxide surface. After the stressing with a charge density of 9ϫ10 3 C/cm 2 , we confirmed that there was no change in the STM image ͓similar to Fig. 3͑b͔͒ . Figure 4͑c͒ shows a cross section of the area scanned with the negative sample bias. Since the stressing with the positive sample bias ͑ϩ10 V͒ under this tunneling current and charge density resulted in the creation of current leakage sites, we can conclude that the degradation of the oxide caused by STM shows polarity dependence. Our results are consistent with previous work based on MOS capacitors. 27 We performed similar experiments using Si͑001͒ substrates. Figure 9͑a͒ shows a STM image of a 1-nm-thick SiO 2 surface grown on a Si͑001͒ surface. Although the step height of the initial Si͑001͒ substrate was lower than that of the Si͑111͒ substrate, we observed a step structure with a step height of about 0.1 nm on the ultrathin oxide surface. In addition, we identified surface corrugation originating from the intrinsic defects in the oxide film, as discussed in Sec. III B. We then investigated the stressing polarity dependence of the leakage site creation. When we applied a positive sample bias ͑hot-electron injection with a 9ϫ10 3 C/cm 2 charge density͒, we observed newly created current leakage sites ͓Fig. 9͑b͔͒. We also found that electrical stressing with a negative sample bias ͑Ϫ10 V͒ caused no change in the oxide film ͓Fig. 9͑c͔͒. These results show that the STM technique can be used to characterize the oxide grown on a Si͑001͒ substrate, as is commonly used for Si device fabrication. It has been reported that the roughness at the SiO 2 /Si interface is correlated to various electrical properties. 28, 29 Concerning the reliability of ultrathin SiO 2 films, these reports suggest that both the surface and the interfacial roughness have important effects on the quasibreakdown. Even if we use atomically flat Si substrates, it is generally difficult to prevent the occurrence of atomic steps in the device region. Also, layer-by-layer oxidation of Si surfaces preserves the initial step structure both on the oxide and at the SiO 2 /Si interface, [18] [19] [20] [21] so the discontinuity at the steps is a possible cause of the leakage path creation. In addition, as we mentioned, the quasibreakdown spots were always created at the intrinsic defects on flat oxide terraces. This implies selective breakdown of the oxide at the intrinsic defect as illustrated in Fig. 5 . Therefore, to develop high-quality ultrathin SiO 2 films, it is important to understand which process is dominant in the quasibreakdown of the oxide, so we investigated the influence of steps on the oxide surface on leakage-site creation. Figure 10͑a͒ shows a STM image of a 1-nm-thick SiO 2 film grown on a Si͑111͒ substrate. We performed electrical stressing by scanning the STM tip at a ϩ10 V sample bias over a 100ϫ100 nm 2 area across a step on the oxide surface ͑as indicated by the outer dotted line͒. Figures 10͑b͒ and 10͑c͒ are magnified STM images obtained from the lower and the upper sides of the step, respectively, after the stressing. Our results show that there was no relationship between the leakage site creation and the step on the oxide surface. Therefore, we can conclude that the quasibreakdown process is not dominated by the atomic-scale roughness on the oxide surface, but by intrinsic defects near the SiO 2 /Si interface. This implies that reducing the number of intrinsic defects is the most important issue concerning the prevention of ultrathin SiO 2 film degradation when using atomically flat Si substrates.
IV. CONCLUSION
We have shown that STM and STS techniques can be used to characterize the local dielectric breakdown of ultrathin SiO 2 films. Using these techniques, we identified individual quasibreakdown spots from the local change in surface conductivity of oxide films grown on Si͑111͒ and ͑001͒ substrates. The leakage sites were created only when the electrical stressing was done with a positive sample bias, where the injected hot electrons formed defect levels in the oxide films. We also found that the intrinsic defects in the ultrathin SiO 2 films played a main role in the quasibreakdown process. In addition, STS was used to characterize the electrical properties of ultrathin oxide films, and to observe leakage current at the quasibreakdown spots. We obtained several tunneling spectra that showed the typical NDR characteristics originating from the local charging effect of the leakage path. 
